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Pathological angiogenesis, which is mainly induced through vascular endothelial growth factors (VEGF) and their
receptors, is involved in many of these vision-impairing ocular disorders, such as age-related macular degeneration
(AMD), diabetic retinopathy (DR), and corneal neovascularization.
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| 1. Introduction

Ocular neovascularization is one of the most common causes of moderate and severe vision loss in developed countries.
In the healthy eye, VEGF is necessary for the maintenance of retinal pigment epithelium (RPE) and choriocapillaris . As
the treatment of the eye possesses several challenges, oral or topical administration of the drug does not achieve
therapeutic concentration in the eye &. As most of the vision-impairing diseases affect the retina, repeated anti-VEGF
injections into the vitreous are currently the most commonly used treatment method in order to inhibit angiogenesis El.
The treatment with anti-VEGF injections is effective, but it also has disadvantages due to the need for repeated injections,
which places a significant burden on the patients and healthcare system and poses a risk of adverse events including
inflammation, retinal detachment, and subretinal and vitreous hemorrhage.

Gene therapy with viral vectors for ocular diseases has shown great promise for the future. It provides an alternative
treatment for re-occurring injections. Viral vectors are efficient in transducing different tissues and provide long-term
treatment options . Successful gene therapy relies on efficient gene delivery to the target cells, which can be achieved
by selecting the right delivery system, specific promoter elements, and administration route. An eye is an optimal gene
therapy target as it can be easily injected by using only small injection volumes of the virus, still leading to successful
expression inside the eye B8 |n addition, due to the blood-retina barrier, the gene therapy can be targeted with high
titers into the eye, minimizing systemic biodistribution and side effects. Genome editing has brought new possibilities to
edit gene expression in the eye. Food and Drug Administration (FDA) approved the first gene transfer treatment for the
ocular disease in 2017, where a subretinal delivery of adeno-associated virus serotype 2 (AAV2)-mediated voretigene
neparvovecrzyl (Luxturna® Spark Therapeutics, Inc., Philadephia, PA, USA) is administered for treating inherited biallelic
RPE65 mutation-associated retinal dystrophy . The approval of the gene therapy proves that it is a usable tool for
treating ocular diseases.

Angiogenesis

Angiogenesis is the growth of blood vessels and is essential for organ growth in the embryo and in the placenta during
pregnancy, in the female reproductive system during ovulation and menstruation and wound healing in adults (&,
Angiogenesis is tightly controlled and balanced between proangiogenic and anti-angiogenic factors. One of the most
important proangiogenic factors is the VEGF, which induces endothelial cell proliferation, migration, and new vessel
formation. The VEGF signals are mediated through tyrosine kinase receptors VEGFR-1, -2, and -3 and co-receptors
neuropilins 1 and 2 . VEGF-A is one of the strongest vascular permeability inducers, which expression is increased in
hypoxic conditions. Soluble VEGF receptors SVEGFR-1, -2, and -3 function as competitive inhibitors of the binding of
VEGFs to the membrane-bound receptors, therefore regulating VEGF signaling 2. In addition there are other molecules
that affect angiogenesis, such as angiopoietin-2 (ANG-2), fibroblast growth factors (FGF), and chemokines, released by
hypoxic, inflammatory, or tumor cells (41,

In a normal healthy eye, VEGF is expressed in the retina, choroid-RPE, iris, and conjunctiva @ In the retina, VEGF
expression is localized in the ganglion, inner nuclear, and RPE cell layers. VEGF is crucial for cellular homeostasis as a
neurotrophic and cell survival factor but it is also one of the critical mediators of pathological neovascularization 122,
Intraocular VEGF is upregulated by hypoxia and inflammation (Figure 1). Upregulated VEGF drives neovascularization
and increases vascular permeability. This leads to different complications such as leaky vessels, retinal detachment,



fibrovascular proliferation, retinal exudation, edema, and ultimately photoreceptor neuron death and blindness.
Pathological angiogenesis in the eye includes many diseases—for example, AMD, DR, retinopathy of prematurity (ROP),
and corneal neovascularization 121,

Figure 1. Intraocular neovascularization. Hypoxia or inflammation upregulates VEGF expression, which leads to
intraocular neovascularization and, ultimately, leaky vessels. Created with BioRender.com.

Currently available treatment options for ocular neovascularization, especially for wet AMD, include photodynamic therapy
(PDT), laser therapy, and anti-VEGF therapies [14. The use of laser therapy and photodynamic therapy for treatment has
declined over time 28], Laser surgery and PDT have a limited visual improvement potential and, in addition, panretinal
photocoagulation laser treatment for DR even has a risk of producing vision loss due to its inherently destructive approach
(161171 although when using newer laser technologies, the risk is lower 28, The three most commonly used anti-VEGF
therapies are aflibercept, ranibizumab, and bevacizumab, which bind to VEGF and prevent their signal transduction
through VEGFR Bl These VEGF inhibitors are injected intravitreally into the eye. Aflibercept is a recombinant fusion
protein of human VEGFR-1 and VEGFR-2 binding domains fused with the Fc domain of human IgG1 2, Ranibizumab is
a recombinant antibody fragment of the humanized anti-VEGF monoclonal antibody. Bevacizumab is a full-length
recombinant humanized anti-VEGF monoclonal antibody (IgG). The FDA and European Medicines Agency (EMA) have
approved aflibercept and ranibizumab for the treatment of AMD. Bevacizumab has not been approved by the FDA or EMA
(29 for ophthalmic use, but its safety and efficacy have been shown in multiple clinical AMD and DR trials. Anti-VEGF
therapies have been effective to treat ocular neovascularization . However, intravitreal injections are required monthly,
which places a significant burden on the patients and the healthcare system. Injections also pose a risk of serious ocular
adverse events, including endophthalmitis, retinal detachment, and subretinal and vitreous hemorrhage.

| 2. Gene Therapy and Viral Vectors

Gene therapy involves the transfer of nucleic acids into a cell to either correct dysfunctional gene or to provide new
cellular functions [21. Gene therapy can be achieved by the substitution of the altered gene, inhibiting the gene expression
or insertion of a new gene 22, Genes can be transferred by viral or non-viral vectors. Non-viral gene delivery can be
achieved by physical or chemical methods. In the physical methods, the permeability of the cell membrane is increased by
physical force, and in the chemical methods, natural or synthetic carriers are used. Compared with viral vectors, non-viral
vectors are less immunogenic, less toxic, and easily produced. On the other hand, they are less effective at expressing
transgenes at the therapeutic level. Viral vectors are more efficient in transducing cells and at inducing long-term gene
expression than non-viral vectors 23, Gene expression time is short with non-viral vectors versus viral vectors, where
gene expression can last for weeks, months, or even some years. Viral vectors have limitations—for example, limited
transgene capacity or they might cause immune responses. There are many different viral vectors used in gene therapy—
for example, adeno-, adeno-associated-, retro-, lenti-, baculo-, herpes simplex-, and Epstein—Barr viruses. Successful
gene therapy relies on efficient gene delivery to target cells and long-term gene expression (8. It can be achieved by
selecting the appropriate delivery system, specific promoter elements, and administration route. As a target for gene
therapy, the eye has many advantages: eye anatomy is well known, it is easy to access and examine, it is relatively
immune-privileged, and study-wise, the other eye can be used as a control.

Adenovirus (Adv) is a non-enveloped double-stranded DNA vector, which can transduce dividing and non-dividing cells [
(241 Adenovirus can carry large genes of approximately 35 kb 25 and it does not integrate into the host cell genome.
There are over 50 different human adenovirus serotypes. Adenoviral vectors transduce different types of cells in the eye
(28] After the intravitreal injection of the adenoviral vector expressing green fluorescent protein (GFP) transduced corneal



endothelial cells, trabecular meshwork and iris cells. In subretinally injected eyes, transduction was detected in
photoreceptors and RPE cells. In one study, adenoviral-vector-expressing -galactosidase gene (LacZ) was detected in
the nerve cell layer and ganglion cell layer of the retina 24, In another, adenovirus serotype 5 was shown to transduce
efficiently the anterior chamber corneal endothelium, trabecular meshwork, ciliary body, iris and some Miiller, and inner
nuclear layer (INL) cells . The highest transduction was observed after 7 days of injection. After 1 month of injection,
GFP expression was detected mainly in RPE cells. An inflammatory response was observed after 3 and 7 days of
injection by an increasing number of F4/80-immunoreactive cells. The time range of how long the transgene is expressed
also depends on the Adv serotype 281281 |t was shown that the Ad35 vector had prolonged transgene expression
compared with the Ad5 vector. Transgene expression was detected up to 6 months post Ad35 injection 28 but diminished
by 8 months [28]. This is significantly longer than the gene expression seen in animal models after the most often used Ad5
gene delivery. The expression after intravitreal and subretinal Ad5-mediated injection is a couple of weeks [26128]129]
Adenoviral gene therapy in clinical trials has shown a mild inflammatory response which has been easily managed B3],

Adeno-associated virus (AAV) is a single-stranded DNA vector, which can transduce dividing and non-dividing cells 2.
AAV provides long-term gene expression ranging from months to years in preclinical trials 23 and it can integrate into the
host cell genome. There is a concerning possibility that integration of the AAV vector might cause insertional mutagenesis,
even though the majority of experiments have shown that AAV vectors are safe and potential genotoxic effects can be
minimized by vector design 2. In addition, 3-year follow-up showed detained improvement in best corrected visual acuity
(BCVA) after subretinal AAV2-mediated gene therapy in patients with Leber congenital amaurosis type 2 B4, AAV has
many different serotypes, which transduce different cells in the eye. AAV2-expressing GFP has been shown to transduce
RPE, the retinal ganglion cell layer (RGCL), and some cells in the INL and the outer plexiform layer (OPL) B After 1
month, GFP expression was also detected in the optic nerve, inner plexiform layer, ciliary body, trabecular meshwork, and
iris. After 3 and 6 months of injection, expression was detected in RGCL and INL. In one study, subretinal injection of
AAV5 and AAV2 was shown to transduce photoreceptor and RPE cells in the murine retina 23, AAV5 transduced more
photoreceptor cells than AAV2 and expression levels were maintained for up to 31 weeks, which was the latest point
tested. The time course for expression was faster with AAV5 than with AAV2. Only minimal to moderate ocular

inflammatory responses have been detected after AAV injections into the eye in animal models [B2l28l and clinical trials B4
[38][39][40]41]

Lentiviruses (LV) and retroviruses are single-stranded RNA vectors 42l Lentiviruses can transduce dividing and non-
dividing cells but retroviruses can transduce only dividing cells. Both virus vectors can integrate stably into the host cell
genome. The most commonly used retro- and lentiviral vectors for gene therapy are the human immunodeficiency virus
type 1 (HIV-1) and murine Moloney leukemia virus (MLV) 43, The use of retroviruses for gene therapy has been reduced
[® after a study outcome where four patients developed T cell leukemia 31-68 months after the gamma retroviral gene
delivery 4], As a consequence of the vector integration, proto-oncogenes were activated in all four patients. Lentivirus
vectors transduce different cells in the eye. It was shown that lentivirus vector expressing GFP transduce RPE, corneal
endothelium, trabecular meshwork, ciliary body, iris pigmented epithelium, anterior chamber, INL, and ocular muscles
after intravitreal injection [&. It was shown that subretinal injection of lentiviral vector expressing GFP transduced RPE [45],
choroid, and sclera layers 48l Inflammatory responses in eyes treated with lentiviral vector injections have been shown to
be very moderate or not significant 448l |n one study, subretinal lentiviral vectors have shown strong retinal and ocular
inflammatory reactions, which resolved over the follow-up period 9. In a clinical study, it was shown that subretinal
injection of the lentiviral vector was well tolerated, with no dose-limiting toxicities, and there was little or no ocular
inflammation 39,

Baculoviruses (BV) are double-stranded DNA vectors, which are capable of transferring genes into various mammalian
cells without viral replication B4, Baculoviruses have high transgene capacity and have low cytotoxicity. It has been shown
that baculovirus transduces different cells in the eye. Subretinal injection of baculovirus encoding GFP under the CMV
promoter (rBV-CMV-GFP) led to GFP expression in RPE cells, which peaked 1-4 days after injection but was not
detected after 2 months 22, When rBV-CMV-GFP was injected intravitreally, GFP expression was detected in the corneal
endothelium, the retinal inner nuclear layer, the ganglion cell layer, and the RPE cell layer. After 2 days of subretinal
injection, the infiltration of macrophages was observed in the subretinal space and across the retina and after intravitreal
injection in the anterior chamber and vitreous. In addition after 3 days, CD11b+ and CD4+ cells were found, but after 8
days, inflammation was almost completely resolved. In another study, intravitreally injected BV-GFP led to GFP
expression in the photoreceptor cells and RPE after 6 days of injection &, In this study, inflammatory responses were
detected in the anterior segment, retina, and the optic nerve head of the eye.
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